Gas sampling bags have been used for collecting air samples. Tedlar bags are most commonly used, but bleed background chemicals such as N,N-dimethylacetamide and phenol. It is often necessary to remove the contaminant by flushing the bags with pure nitrogen or air. In this study, we identified four chloroprene dimerization products as background contaminants emitted from ALTEF bags that are made of a proprietary polyvinylidene difluoride (PVDF). No monomer chloroprene was detected in the bags analyzed. All of the dimers gradually increased once bags were filled with nitrogen due to diffusion from the bag surface. Flushing the bags with nitrogen reduced their concentrations, but was not effective for removing the contaminants. When the bags that had been flushed with nitrogen 5 times were left for 24 h, they increased again, indicating that the dimers were constantly emitted from the ALTEF bag surface. To our knowledge, these compounds have never been demonstrated in ALTEF or other PVDF bags. Our finding indicates that ALTEF might be incorporated with Neoprene (chloroprene-based polymer) during its manufacturing process.
Introduction
Gas sampling bags have been widely used for collecting air samples. Bags can be made of different material such as tetrafluoroethylene hexafluoropropylene copolymer (FEP; Teflon ® FEP), perfluoroalkoxy polymer (PFA; Teflon PFA), polytetrafluoroethylene (PTFE; Teflon PTFE), polyvinylfluoride (PVF; Tedlar ® ), ethylene tetrafluoroethylene (ETFE; Tefzel ® ), polyethylene terephthalate (PET; Nalophan ® ), polyvinylidene chloride (PVDC; Saran ® ), and polyvinylidene difluoride (PVDF; Kynar ® and ALTEF ® ). 1, 2 Among them, Tedlar bags are most commonly used.
Each bag has a certain degree of chemical background emitted from the bag material. For example, phenol and N,Ndimethylacetamide are the major contaminants derived from Tedlar bags. 1, [3] [4] [5] [6] Acetic acid has also been identified as a contaminant from Tedlar bags, which could be formed due to the hydrolysis of N,N-dimethylacetamide. 3 Any investigation of contaminants emitted from other bag materials is very limited. Mochalski et al. identified more than 20 background contaminants emitted from Flexfilm as well as from Kynar bags. Acetone, n-hexane and 2,4-dimethylheptane were the major contaminants in Flexfilm, and toluene and 2-butanone were the predominant ones in Kynar. 2 These contaminants often become the major volatile organic compounds (VOCs) in air samples collected, and it is often necessary to minimize background levels before sampling by flushing bags with pure nitrogen or air. 1, 4, 7 Knowing background contaminants of sampling materials (e.g. bags, adsorbents, lids, septa, etc.) is critical for chemical analyses, in particular, for biomarker investigations with a nontargeted approach. Unfortunately, some of the background contaminants have been claimed to be disease biomarkers or common volatile constituents of biological fluids, including compounds derived from plastic (e.g. phthalates, 2-ethyl-1hexanol), paints (e.g. Texanol TM and its related compounds [2,2,4-trimethyl-1,3-pentanediol diisobutyrate, "pentanoic acid, 2,2,4-trimethyl-3-carboxyisopropyl, isobutyl ester" and "propanoic acid, 2-methyl-1-(1,1-dimethylethyl)-2-methyl-1,3propanediyl ester"]) and synthetic rubbers (e.g. styrene), siloxanes, methoxy-phenyl oxime (a solid phase microextraction [SPME] fiber-derived compound), etc. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] We have been involved in studies where a large number of gas sampling bags are used for sampling exhaled breath. Since flushing Tedlar bags with pure nitrogen or air is not feasible due to many bags employed, we have looked for an alternative material for sampling bags. ALTEF bags were chosen based on our preliminary result that no major background chemical was detected when air samples were stored for a short period of time. ALTEF is a brand name for a proprietary PVDF, and Kynar is another brand name for a similar material. ALTEF bags have been employed for sampling exhaled breath and air from the environment. [19] [20] [21] [22] [23] While we analyzed exhaled breath samples stored in ALTEF bags for an extended period of time, we unexpectedly detected four dimerization products of chloroprene that turned out to be the background contaminants emitted from the bag material. In this study, their identities and concentration changes in the air contained in ALTEF bags due to diffusion from the bag material over an extended period of time were investigated.
Materials and Methods

Chemicals
A chloroprene solution dissolved in methanol (2000 μg/mL) was purchased from Supelco (Bellefonte, PA). N,N-Dimethylacetamide and naphthalene were obtained from Sigma-Aldrich (St. Louis, MO).
Gas sampling bags
ALTEF sampling bags were obtained from Jensen Inert Products (Coral Springs, FL).
Sorbent tubes
Tenax ® TA thermal desorption (TD) sorbent tubes were purchased from Markes International (South Wales, UK). All tubes were stainless steel and were conditioned in a TC-20 (Markes International) supplying 80 mL/min nitrogen flow at 320 C for 2 h prior to use.
Collection of background chemicals from ALTEF bags over an extended period of time
Each 5 L ALTEF bag was filled with pure nitrogen. Then, the nitrogen gas contained in the bag was pulled through a Tenax sorbent tube by a Gilian ® GilAir ® PLUS pump (Sensidyne, St. Petersburg, FL) at 200 mL/min for 5 min. The total volume collected per tube was 1 L.
One liter of the nitrogen gas contained in the bag was taken immediately after filling and transferred to a Tenax tube. Subsequently, each 1 L of the nitrogen was pulled from the bag through each Tenax tube 2, 4, 6 and 24 h after filling, respectively. Any remaining nitrogen was emptied from the bag that was subsequently refilled with pure nitrogen. One liter of the nitrogen gas contained in the bag was taken immediately after refilling and transferred to a Tenax tube. Then, the remaining nitrogen was emptied and the bag was refilled with nitrogen and 1 L of the gas was pulled through a Tenax tube immediately. This procedure was repeated 5 times. The bag contained nitrogen after the 5th refilling, followed by collection of 1 L with a Tenax tube, was left for 24 h in the lab at room temperature, and then 1 L was taken and transferred to a Tenax tube. The remaining nitrogen was emptied from the bag that was subsequently refilled with pure nitrogen and left for 5 days. Then, one liter of the nitrogen gas contained in the bag was pulled through a Tenax tube.
Analysis of sorbent tubes
Each Tenax tube collected was analyzed by a TD-100 thermal desorber (Markes International) coupled to a Trace GC Ultra-ISQ single quadrupole gas chromatograph-mass spectrometer (GC-MS) (Thermo Scientific, Waltham, MA). The parameters for the TD-100 desorber and GC-MS analyses are described elsewhere. 20 Briefly, each TD tube was desorbed at 310 C for 10 min in the TD-100. The entire VOCs in the sorbent tube were transferred to a cold trap, and then split and delivered to GC (outlet split; at 3.5:1). An Rxi ® -624Sil MS column (60 m × 0.32 mm i.d. × 1.80 μm df; Restek, Bellefonte, PA) was used for GC separation. The GC temperature program started at 40 C for 1 min, and increased at 10 C/min to 240 C, where the final temperature was held for 20 min. Helium was used as the carrier gas at a constant flow of 2 mL/min. The mass spectrometer was operated in the electron impact ionization mode at 70 eV, and the ion source temperature was 275 C. The mass scan range was 35 -300 m/z with a scan time of 0.154 s.
Compound identification
The four chloroprene dimerization products were identified by comparison with published literature [24] [25] [26] for the relative retention times and mass spectra and by manual interpretation in aid of the NIST11 mass spectral library. Additionally, they were confirmed by comparison with those of the purchased chloroprene standard solution where the dimers were detected. N,N-Dimethylacetamide and naphthalene were identified by comparison of the retention times and mass spectra of the purchased standards and by the NIST11 mass spectral library.
Data analysis
The raw GC-MS data files were converted to "computable document format (CDF)" files that were subsequently imported to the Metabolite Differentiation and Discovery Lab (MeDDL), 27 a metabolite profiling software solution adapted for GC-MS data where the values of the peak heights for the base ions of the chloroprene dimers and other compounds were obtained after registration and alignment of the peaks detected in the GC-MS data. A detailed description is available elsewhere. 28, 29 Table 1 . The chromatograms were generated using MZmine 2. 40 The values of the peak heights were further analyzed by MetaboAnalyst 30 (http://www.metaboanalyst.ca/faces/home.xhtml) for correlation analysis.
Results
A total of four chloroprene dimerization products were detected in the nitrogen gas contained in ALTEF gas sampling bags. Overlaid selected ion chromatograms (m/z 88) of chloroprene standard and its dimers detected from an ALTEF bag filled with nitrogen are shown in Fig. 1a . No monomer was detected in the ALTEF bags analyzed, and only the dimers were demonstrated in the bags (Fig. 1a ). Since the chloroprene dimers are not commercially available, their identities were deduced from information about their retention times and boiling points with reference to the literature 24, 25, 31 as well as from a manual interpretation of the mass spectra in aid of the NIST11 mass spectral library. Nevertheless, we are confident with the identification because of their distinctive mass spectra and separation by their boiling points as well as the identical set of the dimerization products II, III and VI reported in the previous studies. [24] [25] [26] These dimers were also detected in the chloroprene standard analyzed (Fig. 1b) , and their mass spectra and the GC retention times matched those detected in the bags. The names, structures, other chemical information, and mass spectra of the dimers detected in the bags are shown in Table 1 and Fig. 2 . As shown in Fig. 1b , these dimers were not detected in blank Tenax tubes analyzed, revealing that the chloroprene dimers are not derived from the Tenax sorbent tubes used.
We then monitored the concentration changes of the dimers in the nitrogen gas contained in ALTEF bags for an extended period of time of up to 7 days to test whether the chloroprene dimers diffuse from the bag surface. As shown in Fig. 3 , all of the dimers gradually increased over time after filling with nitrogen. Emptying the bags and refilling with nitrogen reduced them, but they were not completely removed. Notably, only minor differences in the concentrations of the dimers collected immediately from the bags without cleaning vs. from those flushed up to 5 times with nitrogen were observed (Fig. 3) , indicating that cleaning ALTEF bags is not effective for removing the background contaminants. When the bags that had been washed with nitrogen 5 times were left for 24 h, their concentrations increased again (Fig. 3) . These results indicate that the dimers constantly emit from the ALTEF bag surface. Even after the bags containing nitrogen were left for 4 additional days, however, their concentrations were not increased further ( Fig. 3) , indicating that an equilibrium occurred between the gas phase and the solid phase (bag surface). The concentration changes of the 4 chloroprene dimers observed over the 7-day period are well correlated against one another (Pearson r ≥ 0.9370; p ≤ 2.6613 × 10 -7 ; Table 2 ), providing evidence that they are related. 1-Chloro-5-(1chlorovinyl)cyclohexene (II) and 1-chloro-4-(1-chlorovinyl) cyclohexene (III) are expected to have the same boiling point ( Table 1) . The difference in the position of 1-chlorovinyl group, however, makes them separable in GC (Fig. 1) , and their mass spectra are distinct from each other ( Figs. 2a and 2b) . Compound VI was identified as 1,6-dichloro-1,5-cyclooctadiene. Its boiling point is predicted to be higher than those of the cyclohexene dimers II and III (Table 1) , eluting later in GC (Fig. 1) . The compound IV is most likely to be an isomer of VI based on the close retention time (Fig. 1 ) and the high correlation with VI (Pearson r = 0.9921; p ≤ 4.1373 × 10 -13 ; Table 2 ), although the exact structure remains to be elucidated.
Besides the chloroprene dimers, other background chemicals were detected from the ALTEF bags analyzed. Notably, the concentration changes of N,N-dimethylacetamide and naphthalene in the bags containing nitrogen observed over the 7-day period were well correlated with those of the chloroprene dimers (Pearson r ≥ 0.9107; p ≤ 1.8 × 10 -13 ), suggesting that these compounds are also background contaminants released from the ALTEF bags.
Discussion
Chloroprene (2-chloro-1,3-butadiene) is a monomer used for the production of polychloroprene, commonly known as Neoprene, one of several widely used synthetic rubbers. The inventors 32 named it chloroprene to reflect the analogy in structures and behaviors between 2-chloro-1,3-butadiene and isoprene (2-methyl-1,3-butadiene). Neoprene possesses an excellent insulation property, and has been used in gloves, tubing, wire coatings, thermal protection suits, rubber goods, adhesives, construction materials, fabric coatings, footwear, etc. 33 Chloroprene has been classified as a Group 2B carcinogen, i.e. possibly carcinogenic to humans, which was based on its reported carcinogenic potential in mice and rats. 34 Consequently, the release of chloroprene during the manufacturing process and transportation has been strictly regulated, and chloroprene has been manufactured mostly in sealed systems. 35 Its presence in the air has been demonstrated at manufacturing plants, but the occurrence and concentration detected are generally low. 36 While we analyzed exhaled breath samples stored in ALTEF bags, we unexpectedly detected the four dimerization products of chloroprene that turned out to be the background contaminants emitted from the bag material. These dimers have been demonstrated in all of the ALTEF bags obtained from different batches and analyzed over a 2-year period in our lab. The monomer, however, was not detected from the bags analyzed. The dimers II and III are formed from the monomer chloroprene via the Diels-Alder reaction. 24, 25 The compound VI has been proposed to be formed from 1,2-dichloro-1,2-divinylcyclobutane (V), a less stable dimer of chloroprene whose structure is shown in Table 1 , via the Cope rearrangement. 37 The compounds II, III and VI have been reported to be as dimerization products of chloroprene. 25, 26, 37 To our best knowledge, however, these compounds have never been demonstrated in ALTEF or other PVDF bags. Background contaminants in Kynar bags that are made of a similar material (PVDF) were previously identified, including sulfur-containing compounds (e.g. carbonyl sulfide and carbon disulfide), ketones (e.g. acetone, 2-butanone and 2-pentanone), acetates, aldehydes, aromatic compounds (e.g. toluene, ethylbenzene and xylenes), hydrocarbons (e.g. pentane and hexane), etc. 2 The sulfur-containing compounds are likely to be derived from the rubber parts of the sampling valve on the bag. 38 We do not think that these dimerization products are formed from intact chloroprene, which might potentially be present in the ALTEF bag, and subsequently be captured by a Tenax tube during the thermal desorption of the sorbent tube and re-desorption of the cold trap placed inside the TD 100 thermal desorber where the desorptions occur at 310 C for 10 min and at 315 C for 5 min, respectively. 20 An ALTEF bag containing nitrogen was analyzed with and without injection of the chloroprene standard solution into the bag, but the concentrations of the dimers were almost the same. This suggests that the intact chloroprene spiked into the bag, and then transferred to the Tenax tube was not dimerized during the thermal desorption of the sorbent tube. Estevez and colleagues reported that the same type of dimerization reactions occurred in isoprene, a structural analogue of chloroprene, during the GC analysis where the injection port was maintained at 150 to 300 C. 39 However, none of these isoprene dimers were detected in our breath samples analyzed where isoprene was one of the major VOCs. 20, 22 Moreover, the absence of the monomer in the ALTEF bags analyzed strongly suggests that the chloroprene dimers detected from the bags had been formed during the manufacturing process of the bags.
Another example of compelling evidence that these dimers emit from ALTEF bags is that their concentrations increased when the bags filled with nitrogen were left over the course of time (Fig. 3) , indicating that they constantly diffuse from the bag surface. The constant diffusion of background chemicals from the bag materials, such as Tedlar, Teflon, Flexfilm and Kynar, has been observed previously. 1,3-5 Unlike the previous studies, however, cleaning ALTEF bags with nitrogen was not effective for removing the contaminants (Fig. 3 ). Our finding indicates that ALTEF, a proprietary PVDF, might be incorporated with Neoprene (chloroprene-based polymer) during its manufacturing process.
